Abstract-Hyperspectral remote sensing is a frontier field of remote sensing due to its advantage of object recognition based on spectral characteristics. This study carried out geological application of HySpex ground-based hyperspectral data at scales of both alteration belt in the Asiha gold district of Qinghai Province, and core in Xiangshan uranium deposit of Jiangxi Province. After data preprocessing, eight kinds of hydrothermal alteration minerals, such as hematite, sericite and illite, were extracted by the MTMF mapping method based on expert knowledge. Then, three alteration zones were divided in the gold deposit and six alteration zones were divided in the uranium core. The alteration minerals types, combination and distribution were further analyzed. It is concluded that alteration minerals closely related to the gold mineralization are limonite and sericite, and those closely associated with the uranium mineralization are hematite, illite and chlorite. Thus, HySpex data have a widespread prospect in basic geology survey and mineral exploration, for that their high spatial resolution can generate large-scale images, and that their high spectral resolution can identify alteration minerals.
I. INTRODUCTION
Hyperspectral data are featured by integrated images and spectra [1] .They are capable of identifying objects using meticulous spectra rather than simply discriminating them [2] [3] , which is regarded as a great breakthrough, and has good application effects in the geological field [4] [5] [6] [7] . The HySpex spectrometer used in this work is produced by Norway, and can be widely applied in airborne and ground-based studies.
At present, little geological application of HySpex data at home and abroad were conducted, and the limited application was focused on lithology classification and mineral distinguishment at scales of field and hand specimen [8] [9] [10] , and uranium alteration minerals mapping at the core scale [11] . This study mapped alteration minerals at scales of alteration belt and core, and established a processing workflow of HySpex ground-based hyperspectral data, which will provide a basis for their widespread geological application.
II. OVERVIEW OF HYSPEX HYPERSPECTRAL DATA
The hyperspectral data were acquired by the HySpex ground-based hyperspectral measurement system. It is composed of HySpex camera (sensor), data acquisition unit, rotation stage, rotation stage controller and tripod (Figure 1.) . The sensors contain a visible to near infrared band (VNIR) sensor and a shortwave infrared band (SWIR) sensor. This measurement system can acquire ground-based hyperspectral data in the band range of 400~2500nm.
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The main technical parameters of the sensors are shown in TABLE 1. During data acquisition, weather is pretty, cloudless sky and low water vapor were available, and reference whiteboard was put within the field of HySpex sight. Reference whiteboard date was collected synchronously. In this study, hyperspectral date of alteration belt in Asiha gold deposit and a mineralized core in Xiangshan uranium deposit were taken as examples. Hyperspectral remote sensing generally has a high spectral resolution (10 -2 λ), and can obtain continuous and complete spectral curves [12] , aiding to the deep application of remote sensing [4] . It can identify alterations closely related to mineralization, such as greisenizag. Alteration minerals mapping is the basis of geologition, sericitization, propylitization, kaolinization, limonitization, and carbonatization. In the spectral range from 400nm to 2500nm, absorption features of altered minerals can be essentially attributed to their physical components and lattice structures, which result from the electronic process in visible-near infrared (VNIR) bands and vibration process in shortwave infrared (SWIR) bands. , Al-OH, and Mg-OH [13] ; both of them can be detected by the hyperspectral remote sensing technology based on spectral characteristics. (Fig .2) .
The diagnosis characteristics of minerals which contain Fe 3+ locate at 870nm and 350nm, while Fe 2+ at 1000nm. The diagnosis characteristics of minerals which contain CO 3 2-locate near 2350nm, for example, absorption peak of calcite locates at 2335nm while dolomite at 2325nm. The diagnosis characteristics of minerals which contain Al-OH mainly locate at 2165-2215nm, with sub absorption peaks near that wavelength. For example, the diagnosis characteristics of kaolinite locate at 2165nm and 2210nm.The diagnosis characteristics of minerals which contain Mg-OH locate near 2300nm, as serpentine, it is at 2325nm. They are the basis of hyperspectral mineral reorganization. Alteration minerals can thus be accurately identified and located in hyperspectral images, and provide information for geological prospecting. Fig.3 . The processing workflow includes two parts: data preprocessing, and alteration minerals mapping. Data preprocessing can provide reflectance data, which is the basis of alteration minerals mappincal analysis. 
A. Data preprocessing
Data preprocessing includes radiometric correction, data resizing and spectral reconstruction. Radiance data with the format of BIL were converted from raw data by radiometric correction. Hyperspectral data was resized by removing low signal-to-noise bands, water vapor effected bands, and bands not closely related to alteration mineral absorption are also eliminated. Finally, reflectance data were obtained by spectral reconstruction using the flat field method. The reference whiteboard was chosen as the flat field.
B. Alteration minerals mapping
The alteration mineral mapping was conducted by spectral hourglass process in ENVI software, which contains minimum noise fraction (MNF) transforming, pixel purity index calculation, n-dimensional divergence analysis and mapping method selection. Alteration minerals of hematite and limonite can be extracted using VNIR data, and those of sericite, illite, chlorite and carbonate can be acquired using SWIR data.
The selection of alteration mineral endmembers is critical in the spectral hourglass process, which directly affect the mapping results. Therefore, this study adopted synthetic analysis of spectral absorption position and overall spectral shape based on expert knowledge, and selected possible alteration mineral endmembers accordingly. It means that the endmembers should be chosen using geological background knowledge. For example, there's seldom sercite in Xiangshan uranium deposit, only illite mineral instead. Using this endmember analysis method, limonite and vegetation endmembers were found from VNIR data and three kinds of alteration minerals endmembers were selected from SWIR data in Asiha gold deposit. Meanwhile, hematite endmember was found from VNIR data and three kinds of alteration minerals endmembers were selected from SWIR data in Xiangshan uranium deposit. Endmembers to the purpose of alteration minerals mapping in SWIR data are shown below in Fig.4 .
Fig .4 Endmembers used for mineral mapping in SWIR data
Mixture tuned matched filtering (MTMF) mapping method which has the advantage of low mineral detection limit. MTMF method is usually used in hyperspectral date for detecting microscope minerals. Finally, MTMF method was applied to extract alteration minerals using HySpex hyperspectral data.
V. RESULTS AND ANALYSIS
In this study, four kinds of alteration minerals/mineral assemblage were extracted in the Asiha gold deposit, i.e., limonite, sericite, kaolinite, and chlorite+sericite, and vegetation was also identified. Four kinds of alteration minerals were extracted from a core in the Xiangshan uranium deposit, i.e., hematite, illite, chlorite and calcite. In addition, true color images were done using HySpex hyperspectral data. Accordingly, distribution maps of alteration minerals were finished.
A. Alteration analysis in Asiha gold deposit
As shown in Fig.5 , the extracted alteration minerals are limonite, sericite, sericite+chlorite, and kaolinite.
Hydrothermal alteration is mainly observed in the middle of the image, mainly in alteration zone I . Hydrothermal alteration is weak in the left of the image, which is called the alteration zone II . Alterations are generally not developed in the right part of the image, of course, it's the alteration III , with well-grown vegetation instead. Concluded by geologist, important alteration minerals related to gold mineralization are sericite and pyrite. Gold is mostly found in pyrite, and sericite is the evidence of hydrothermal activity. Because pyrite is usually weathered to limonite which has obvious spectral characteristics in VNIR band, there are many limonite minerals in this district. In the HySpex mineral distribution map, combinations of alteration minerals closely related to gold mineralization are sericite and limonite. That's because with the reaction of hydrothermal ore-forming solution with surrounding rock, feldspar was usually altered to sericite and kaolinite; hornblende was usually altered to limonite and chlorite; pyrite closely related with gold mineralization was also oxidized to limonite in the later hydrothermal stage. Thus, the main alteration minerals in the mineralized alteration rocks mainly are sericite and limonite.
B. Alteration analysis in the core of Xiangshan uranium deposit
The distribution of alteration minerals in the Xiangshan uranium core was shown in Fig.6 . It indicates that alteration is quite strong in the uranium mineralization section. Alteration near fault is the strongest, and the alteration intensity gradually becomes weak far away from fault. Alteration minerals are hematite, calcite, chlorite and illite, which generally coincide with the geological fact. Fig .6 Distributions of alteration minerals in core of Xiagnshan uranium deposit 1-hematite; 2-illite; 3-chlorite; 4-calcite; 5-fault; 6-alteration zone boundary I -center alteration zone; II -ore-adjacent alteration zone; III -ore-near zone According to the alteration minerals types, combination and distribution, and combining with previous studies [14] , six alteration zones were divided. Combinations of alteration minerals closely related with uranium mineralization are hematite, illite and chlorite. The alteration zone I is the center alteration zone, where rock is fragile, and phenocrysts are mostly metasomatised. The alteration minerals in zone I are hematite, illite, chlorite and calcite, where various alterations superimpose. Hematization is relatively strong in the footwall, and calcitization is relatively intense in the hanging wall. The alteration zone II is an ore-adjacent alteration zone, and the alteration minerals are illite and calcite. Illite has a distribution of crumb and punctuate, and calcite has a distribution of crumb and veined shapes. The alteration zone III is an ore-near alteration zone, and the alteration minerals are illite and calcite. Alterations in zone III are weak, and distribute dispersedly. It is worth noting that the second absorption peak of chlorite in the uranium core is near 2270nm, which belongs to a relatively Fe-rich chlorite [15] . It implicates that the uranium mineralization occurs in a reducing environment, which coincides with the previous studies [14, 16] .
VI. CONCLUSIONS
(1) A processing workflow of HySpex ground-based hyperspectral data was established, which involves radiation correction, data resizing, and spectral reconstruction. The spectral reconstruction technique is the flat field method using reference whiteboard as the flat field, which is suited for HySpex data.
(2) The MTMF mapping method was adopted in alteration belt of Asiha gold deposit and core of Xiangshan uranium deposit, and the endmember selection was based on expert knowledge. A total of eight alteration minerals were extracted, such as hematite, illite, chlorite and calcite. They have a great agreement with the geological data.
(3) On the basis of the alteration mineral distribution, three alteration zones were divided in gold deposit and six alteration zones were divided in uranium core. It is inferred that alteration minerals intimately related to gold mineralization are limonite and sericite, and alteration minerals closely related with uranium mineralization are hematite, illite and chlorite. Spectral characteristic analysis of chlorite shows that chlorite in uranium deposit is Fe-rich chlorite, which was formed in a reducing environment.
(4) HySpex ground-based hyperspectral data have the advantage of integrated images and spectra. Their high spatial resolution can produce images at a large scale, and the high spectral resolution can aid to extract alteration minerals accurately. These data can be widely applied to basic geology research and mineral exploration.
